Abstract Skarns are residue of relatively low-temperature magma-induced decarbonation in the crust largely associated with silicic plutons. Mafic magmatic intrusions are also capable of releasing excess CO 2 due to carbonate assimilation. However, the effect of mafic to silicic melt evolution on the decarbonation processes, in addition to temperature controls on carbonate-intrusive magmatic systems, particularly at continental arcs, remains unclear. In this study, experiments performed in a piston cylinder apparatus at midcrustal depth (0.5 GPa) at supersolidus temperatures (900-12008C) document calcite interaction with andesite and dacite melts at equilibrium under closed-system conditions at calcite saturation in a 1:1 meltcalcite ratio by weight. With increasing silica content in the starting melt, at similar melt fractions and identical pressure, assimilation decreases drastically (65% andesite-calcite to 18% dacite-calcite). In conjunction, the CaO/SiO 2 ratio in melts resulting from calcite assimilation in andesitic starting material is >1, but 0.3 in those formed from dacite-calcite interaction. With increasing silica-content in the starting melt skarn mineralogy, particularly wollastonite, increases in modal abundance while diopsidic clinopyroxene decreases slightly. More CO 2 is released with andesite-calcite reaction (2.9 3 10 11 g/y) than with more skarn-like dacite-calcite interaction (8.1 3 10 10 g/y, at one volcano assuming respective calcite-freesuperliquidus conditions and a magma flux of 10 12 g/y). Our experimental results thus suggest that calcite assimilation in more mafic magmas may have first degassed a significant amount of crustal carbon before the melt evolves to more silicic compositions, producing skarn. Crustal decarbonation in long-lived magmatic systems may hence deliver significant albeit diminishing amounts of carbon to the atmosphere and contribute to long-term climate change.
Introduction
Intrusion of subduction zone magma into crustal carbonates can induce magma-wall rock interaction in one of two ways: (1) consumption of carbonate by assimilation, producing silica-undersaturated, ultracalcic melts, and carbon dioxide vapor that can easily degas at the volcanic edifice; and/or (2) metasomatic skarnification producing calc-silicate mineralogy and releasing carbon dioxide that can be transported as a fluid to the surface via fractures in the crust. The first has been identified and experimentally studied with regard to carbon dioxide degassing of a few presently active volcanic systems with high-temperature mafic magmas. The second, associated with granitic plutons, has been petrologically well documented in the field, particularly by economic geologists with regard to ore deposits, but poorly constrained in terms of past contribution to atmospheric CO 2 . It remains unclear if and how the two processes are linked and whether the evolution of the magma as it ascends through the crust affects the likelihood of one process over the other.
For many years economic geologists have studied carbonate-magma interaction with little attention to the skarn mineralogy and composition beyond the seven elements of economic importance: Au, W, Zn, Mo, Cu, Sn, and Fe [Meinert et al., 2005] . In recent years, carbonate assimilation has been the focus of geochemical and experimental investigation in currently active volcanic systems, including Etna [Chiodini et al., 2010; Mollo et al., 2010b] ; Merapi [Chadwick et al., 2007; Deegan et al., 2010; Troll et al., 2012 Troll et al., , 2013 Nadeau et al., 2013a; Blythe et al., 2015] ; Vesuvius [Barberi and Leoni, 1980; Fulignati et al., 2000 Fulignati et al., , 2005 Del Moro et al., 2001; Gilg et al., 2001; Piochi et al., 2006; Iacono-Marziano et al., 2009; Dallai et al., 2011; Jolis et al., 2013 Jolis et al., , 2015 ; Popocatepetl [Goff et al., 1998 [Goff et al., , 2001 Schaaf et al., 2005] By controlling and changing intensive variables, experimental work can constrain the dominant effects on the transition from assimilation to skarnification. Focusing on present-day natural systems, most previous experimental studies simulated the low pressure (0.5 GPa), high temperature (1050-14008C), and narrow melt compositional (basalt, trachybasalt, phonotephrite) conditions of Italian [Iacono-Marziano et al., 2007 Freda et al., 2008; Conte et al., 2009; Mollo et al., 2010a; Jolis et al., 2013] and Indonesian [Deegan et al., 2010] magma-crust systems, with variable water contents (0-6 wt.%) and limited carbonate addition (<20 wt.%). A recent study systematically investigated varying pressure and temperature (0.5-1.0 GPa, 1100-12008C) on calcite assimilation with a typical hydrous arc basaltic composition and concluded that up to 47.6% assimilation was possible [Carter and Dasgupta, 2015] .
In this study, we investigate the effect of melt composition on calcite assimilation from supraliquidus to near-solidus temperatures, based on each composition's respective liquid line of descent at low pressure (15 km). Carbonate composition was constant (pure calcite), and layered in equal proportion (by weight) with a silicate starting material to simulate the intrusion-wall rock interface. We compare our results generated using intermediate (andesite) and silicic (dacite) starting compositions to those generated by mafic (basalt)-calcite interaction [Carter and Dasgupta, 2015] as well as natural skarns. We also consider CO 2 release in order to estimate calcite consumption at active volcanic arcs with various melt compositions and determine a simple estimate of total decarbonation within the ascending, cooling, evolving, and crystallizing lifespan of past plutonic intrusions. This experimental study suggests that melt composition and melt fraction may be controlling factors in the transition from assimilation to skarnification in magma-calcite interaction.
CaCO 3 at 2508C, and K 2 CO 3 and Na 2 CO 3 at 1108C to drive off adsorbed water. The homogenized powder mix was then decarbonated and reduced to convert Fe 2 O 3 to FeO at 10008C and log fO 2 FMQ-2 in a CO-CO 2 gas mixing vertical tube furnace for 24 h. As a last step, the powders were reground with gibbsite [Al (OH) 3 ], which provided 3-5 wt.% water to each of the hydrous melts (Table 1) . Due to the proximity of the dacite liquidus to the temperature of decarbonation and reduction in the gas mixing furnace, a platinum crucible was used which absorbed some of the iron from the powder. Therefore, an additional 1.5 wt.% iron, as Fe 2 O 3, was added to the dacite powder. To mimic the limestone wall-rock, reagent grade CaCO 3 powder was used in layered experiments. To limit water adsorption, all starting materials were covered and stored in a 1108C oven.
Experimental Methods
Following the methods performed for basalt-calcite interaction experiments documented in Carter and Dasgupta [2015] , two sets of experiments were performed for each silicate starting material using a 1 =2-inch bore pressure vessel in a piston cylinder apparatus at Rice University. In the first, to discern the liquid line of descent, silicate starting materials were run alone. In the second, calcite powder was overlain by an equal proportion by weight (within 0.1 wt.% error) of powdered silicate starting material to simulate a magmawall rock interface. Most experiments were packed in 3 mm-outer diameter Au 75 Pd 25 capsules; however, several were instead packed in 2 mm-outer diameter capsules and run in pairs, side-by-side to ensure identical P-T conditions. The capsules were nestled in crushable MgO surrounded by graphite and BaCO 3 sleeves with an outer Pb-foil to decrease the effect of friction. The pressure and temperature calibration and uncertainty (pressure had 4% error during runs, while temperature was within 6108C of the set target) of this assemblage is detailed in Tsuno and Dasgupta [2011] and detailed run procedures are reported in several recent studies [e.g., Mallik and Dasgupta, 2014; Carter and Dasgupta, 2015; Duncan and Dasgupta, 2015] . Experimental run conditions are given in Table 2 . This study considered a pressure-range relevant for midcrustal intrusions of 0.5 GPa (15 km deep), with a few additional experiments at 0.8 GPa, and 1.0 GPa (35 km deep) to determine pressure effects. Temperature conditions were between 900 and 12008C. Experiments reached target pressure-temperature conditions using the cold-piston-in method with a steady heating rate of 1008C/min. Temperature was monitored and maintained with a Type-C thermocouple. For the first few hours, pressure was controlled manually and later by automated control that kept the experiment within 6 3 10 25 GPa. After 24-120 h depending on temperature, experiments were terminated by switching off power to the heating element that resulted in cooling of the charges to <1008C in <10 s. For analysis, extracted capsules were mounted in epoxy and ground in half to expose the run products using dry silicon-carbide sandpaper. Run products were impregnated with epoxy and reground, with a final dry polycrystalline diamond powder (3, 1, 0.25 mm) polish on nylon and velvet surfaces. Samples polished in epoxy were also analyzed by microprobe for phase identification based on EDS analysis and quantitative phase compositional determination using WDS analysis. A 15 kV, 10 nA electron beam was used with 1 mm spot size for silicates and 2 or 10 mm spot size for melt, depending on melt pool size, and for carbonate. Peak counting times for Si, Al, Ti, Fe, Mn, and Mg were 30 s with 10 s background counts on each, whereas for Na, K, and P, which were analyzed first to minimize potential volatility-induced migration away from the electronbeam, peak counting time was 20 s peak and 10 s background on the Cameca, and peak of 10 s with 5 s background on the JEOL. Both natural minerals and synthetic glasses were used as standards for Cameca SX100 analyses in NASA-JSC [see Dasgupta et al., 2013; Mallik et al., 2015] . Mass proportions of phases present were calculated where possible based on least square minimization approach using major element oxides of analyzed phases (using representative or normalized compositions on small grains of e.g., quartz and spinel where analysis proved difficult; see Table 2 ) and bulk starting compositions. Calcite consumption was estimated by subtracting the modal proportion of calcite determined by mass balance calculations from the starting fraction in the system (0.5). Carbonate assimilation was then determined as the percentage of calcite consumed into the mass of silicate portion of the capsule and CO 2 calculated as 44 wt.% of that (based on 44 g CO 2 per 100 g CaCO 3 ). Table 2 lists modal proportions (or presence in one case) of run products and Tables (3-5) report major element composition of phases. Typical experimental textures are shown in Figure 1 .
Results

Approach to Equilibrium
Although it has been shown that carbonate reacts with melt much faster than our run durations (Table 1 ) [Deegan et al., 2010; Jolis et al., 2013] , an approach to equilibrium and closed system were assessed in our experiments by textural (see Figure 1 ) and chemical evidence (lack of zoning on minerals or heterogeneities between spot analyses on a single phase, and low sum of residuals in mass balance calculations). Additionally, a set of time series (24, 48, and 96 h) experiments at low-temperature and pressure conditions (10758C, 0.5 GPa) confirmed an experimental duration of 48 h was sufficient to ensure an approach to equilibrium between andesite and calcite based on identical mineralogy and minimal compositional difference of the resulting phases between 48 and 96 h runs and low mass balance residuals (<0.5). However, even with 96 h run durations, several experiments with dacitic compositions resulted in very small (<2-5 microns in diameter) grains for the aluminous phases such as plagioclase and spinel.
3.2. Liquid Lines of Descent: Phase Assemblage, Texture, and Chemistry In calcite-free runs, melt and mineral phases, when present, are interspersed throughout the capsule. In calcite-bearing runs, partial assimilation leaves residual calcite at the base of the capsule, often with an interaction front rich in skarn minerals between calcite and the overlying silicate assemblage. When assimilation is high, often little to no calcite is observed in the particular cross section to which the sample was polished (near the middle of the capsule, e.g., Figure 1d ). The presence of vesicles in the melts also indicates a vapor phase. These circular voids are more numerous but smaller in runs with low assimilation (Figures 1g  and 1h ) than in runs with very little to no calcite observed (Figure 1d ).
Both magma compositions were run at constant pressure over a temperature range to identify their liquid lines of descent in a closed system (Table 2 ). Andesite crosses the liquidus above 11758C at 0.5 GPa with Geochemistry, Geophysics, Geosystems
increasing proportions of plagioclase, spinel, cpx, and opx with decreasing temperature. The dacite liquidus lies lower, at <11008C at 0.5 GPa (confirmed with alphaMELTS) [Ghiorso and Sack, 1995] , below which clinopyroxene, more Na-rich feldspar, spinel, ilmenite, and quartz can also be present.
In calcite-free experiments, clinopyroxene, stable until the liquidus, largely classifies as diopside with little deviation between those formed from andesite or from dacite (Table 4) . Orthopyroxene is present at low temperatures in andesite runs, but lacking in the dacite-derived assemblages. In andesite experiments, feldspar is anorthitic (An 56 ; Table 5 ), and lower in abundance than in dacite experiments at their respective lowest temperatures (Table 2) . Occasionally with corundum cores due to the sluggish diffusivity of aluminum, hercynite is present at low temperature in dacite runs, but is more of a spinel-hercynite solid solution in andesite runs (supporting information Table S1 ). With low melt fractions of parental andesite and dacite, quartz, and in two cases, trace ilmenite is also present (Table 2 and supporting information Table S1 ). 100 (3) 100.0 (9) 100.0 (3) 100.0 (7) 100.0 (4) 100.0 (9) 100 (2) 100.0 (8) 100.0 (3) 100 (3) 100.0 (7) 100.0 (5) 100.0 (8) 100.0 (8) 0.33
0.07 ( (4) a All data are in wt.% on a volatile-free basis with error (61r standard deviation) for n-number of analyses given in parentheses to the last digit provided, e.g., 74(3) is 74 6 3 wt.%.
Calcite (wt.%) indicates if the run contained calcite (in equal weight proportion-50:50-to the Starting Melt-Basalt, Andesite, or Dacite). b F* is the melt fraction (in percent) normalized to the sum of all silicates present in the capsule as determined by mass balance (See Table 2 ). c FeO T indicates all iron assumed to be Fe
Sum gives the total of all major elements normalized on a volatile-free basis. e Est. H 2 O1CO 2 is the total volatile content of the melt as determined by deficit from 100 wt.% in EMP analyses. f Mg# is the proportion of Mg to Fe (Mg/(Mg 1 Fe) in moles. g CaO/Al 2 O 3 is the wt.% ratio used to determine if a melt is ultracalcic (>1). h NBO/T is the Non-Bridging Oxygen to Tetrahedra ratio as calculated by the following formula: absolute value of (4*T-2*O)/T where T is the sum of Si, Al, Fe, Ti, P in moles, after Brooker et al. [2011] (see text).
i p* is another way to determine melt polymerization using weighted element proportions as given by Shishkina et al. [2014] by the following formula:
(Ca10.8*K10.7*Na10.4*Mg10.4*Fe)/(Si 1 Al), again in moles (see text).
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The melts above the liquidus are andesite and dacite, respectively. At lower melt fractions, they are more siliceous, even becoming rhyolitic ( Figure 2 ). With increasing temperature, all melts become more magnesian and less alkalic, whereas calcium, aluminum, and iron show little variation (Table 3) .
3.3. Melt-Calcite Reactions: Phase Assemblage, Texture, and Chemistry With both starting melts, the presence of calcite increases the liquidus of the system to higher temperatures. With andesite it shifts to >12008C at 0.5 GPa. The addition of calcite to dacite at 0.5 GPa has a much more drastic effect on raising the liquidus temperature. Melt fraction (F*, melt fraction calculated on calcitefree basis) is only 66% at 11008C with calcite interaction (Table 3, Figure 3 ).
Clinopyroxene is stable to higher temperatures at 0.5 GPa in calcite-bearing runs than runs performed along liquid lines of descent ( Table 2 ). The clinopyroxenes are consistently diopsidic in all runs, shifted only slightly toward ferrosilite-hedenbergite in the clinopyroxene quadrilateral with increasing temperature (Figure 4 ). Clinopyroxenes formed in runs with high calcite consumption additionally show an elevated Ca-Tschermak (CaTs) component (Table 4) . (3) 47 (5) 52 (1) 50 (3) 51 (2) 38 (6) 43 (8) (2) 16 (4) 9.5 (7) 12 (2) 13 (2) 16 (5) 14 (2) 2.4 (7) 13 (
37 (2) 38.5 (9) 38 (3) 36 (2) 46 (5) 43 (7) 96.1 (9) 37 (2) (2) 59 (2) 54 (2) 51 (1) 52.1 (6) Wo 44 (2) 4 0( 2) 4 6 ( 2) 4 8 ( 2) 46.5 (2) CaTs 2 (5) 1 (3) 0 (1) 1 (2) 1.4 (9) a All data are in wt.% with error (61r standard deviation) for n-number of analyses given in parenthesis to the last digit provided; e.g., 57(2) is 57 6 2 wt.%. ), respectively, calculated based on cation proportions, with 61r standard deviation based on n-analyses given in parentheses to the last digit provided; e.g., 45(3) is 45 6 3%. e Gives ternary end-members now taking into account Ca-Tschermak (CaTs) component (CaAlAlSiO 6 ) in clinopyroxene (Cpx) with 6 error (calculated by Monte Carlo simulation using compositional standard deviation of replicate analyses of Cpx within a run) in parentheses where (2) indicates negligible error to the last digit provided; e.g., 61.0(6) is 61.0 60.6%.
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Wollastonite is present in all runs above 10758C with the andesite starting melt, even beyond clinopyroxene exhaustion (>11758C), and in all dacite runs (900-11008C) increasing in abundance while clinopyroxene declines with increasing temperature (Table 2) .
With higher percent assimilation in andesite-calcite reactions, feldspar becomes more anorthitic plagioclase (An 58-73 ) until its exhaustion above 11508C. In dacite-calcite reactions, small plagioclase grains were present from 900 to 10008C and, though reliable WDS analyses were not feasible owing to small grain sizes, seem to be more albite-than anorthite-rich (Table 5 and Figure 5 ). Some minor to trace phases are also present at low temperatures (Table 2 and supporting information Table  S1 ). Similar to calcite-free runs, spinel-hercynite solid solution is present consistently in dacite-calcite runs and up to 11008C in andesite-calcite runs. Additionally, quartz exists throughout the capsule in conjunction with highly siliceous melts, and one run contained a few interspersed small ilmenite grains. Scapolite appears in its calcic carbonate-bearing end-member (meionite) in midtemperature range (1100-11508C) in andesite runs over a pressure range of 0.5-1.0 GPa.
Calcite-Contaminated Melts
At low melt fraction, with little calcite ingested, melts fall into a similar Total Alkali-Silica (TAS) field as calcite-free melts (Figure 3 ). Here, they most nearly match calcite-free trends in each oxide (Table 3) , especially in dacite-calcite reactions. With increasing temperature, and thus melt fraction, and decreasing calcite in the residuum (Table 2) , melts in andesite-calcite runs become increasingly silica-undersaturated-foiditic (45 wt.% SiO 2 , T > 11008C)-while increasing the temperature of dacite-calcite melts has an exceedingly diminished effect on their elevated-rhyolitic to dacitic (67-79 wt.% SiO 2 without calcite, 72-77 wt.% SiO 2 with calcite)-silica content (Figure 2 ). This trend is exactly opposite to the calcium trend (Figure 3a) , reaching a maximum in all experiments above the liquidus of the andesitic starting material (>45 wt.% CaO, on a volatile-free basis; Table 3 ) and increasing negligibly across the dacite liquidus (0.6-2.7 wt.% CaO from 1000 to 11008C). It is unsurprising then that contaminated andesite data deviate the most from calcite-free calcium (<10 wt.% CaO) and silica (60 wt.% SiO 2 ) compositions ( Figure 3a ) and are significantly ultracalcic (5.9 CaO/Al 2 O 3 wt.% ratio; Table 3 ). Alumina and TiO 2 both mirror silica on a much smaller scale in andesite runs (13-15 wt.% Al 2 O 3 without calcite, 8.7 wt.% Al 2 O 3 with calcite and 1.1-0.98 wt.% TiO 2 without calcite, 1.0-0.50 wt.% TiO 2 with calcite; Table 3 ), but alumina slightly increases in dacite experiments (11-15 wt.% Al 2 O 3 without calcite, 11-17 wt.% Al 2 O 3 with calcite) with increasing Al-bearing mineral abundance (Table 2) , while titanium is nearly identical (Table 3) . Magnesium is relatively minor (5.5 wt.% MgO) and shows an insignificant increase with andesite, while it is nearly nonexistent (<1 wt.% MgO; Table 3 ) and fluctuates in dacite-calcite runs. Iron is also affected by the mineral phases present, showing a peak near calculated based on cation proportions, with 61r standard deviation based on n-analyses given in parentheses to the last digit provided; e.g., 77(2) is 77 6 2%.
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high-temperature andesite-calcite experiments (6.0 wt.%, FeO T , maximum at 11008C) above exhaustion of spinel. Again, little change is evident in dacite-calcite experiments (1.1-3.5 wt.% FeO T , maximum at 11008C). Overall, alkalis are diluted with raising temperature, dropping below calcitefree values in andesite-calcite reacted melts (2.2-7.6 wt.% Na 2 O 1 K 2 O calcite-free versus 2.9-9.1 wt.% calcitecontaminated, maximum at 10758C) and raising above calcite-free values in dacitecalcite melts (5.6-9.6 wt.% Na 2 O 1 K 2 O calcite-free versus 7.6-10.0 wt.% calcitecontaminated, maximum at 10008C, 0.5 GPa).
Calcite Saturation in Contaminated Melt
Overall, the amount of calcite assimilated by the magma increases with increasing melt fraction, such that at identical pressure-composition condition, the higher temperature consumes more calcite (Figure 3b ). Nearliquidus andesite consumes the most at 65% assimilation. The maximum with dacite is 18%. As discussed above, as assimilation increases, the contaminated melts become more calcium-rich, diluting silica in the process (Figure 3a) . Andesite melts become ultracalcic (CaO/Al 2 O 3 wt.% ratio 1) whereas low assimilation keeps dacite melt dominant in Al 2 O 3 over CaO (Table 3) .
Though some alkali loss during analysis might have occurred (see Methods), a maximum melt volatile content can be estimated by EMPA difference (from total of 100 wt.%; Table 3 ). Volatile content increases with assimilation in andesite-calcite runs (as much as >10 wt.% H 2 O 1 CO 2 at >11258C at 0.5, 12008C at 0.8 and 1.0 GPa), but remains exceedingly small (1 wt.% H 2 O 1 CO 2 ) in calcite-contaminated dacite melts, even more so than the hydrous dacite melts alone (1.5-4.4 wt.% H 2 O).
Discussion
Melt-Calcite Reactions
Time series experiments (at 24, 48, and 96 h) convey a first-order indication of reaction time between andesite melt and calcite as the system approaches equilibrium at low pressure and temperature (0.5 GPa, Geochemistry, Geophysics, Geosystems 10.1002/2016GC006444 10758C). Although similar in modal abundance, after only 24 h some of the oxides have not had time to fully diffuse, producing two unique clinopyroxene compositions-a calciumrich composition at the interface near wollastonite, and hedenbergite near the top of the capsule-and an aluminosilicate phase. Extending the duration to 48 h permits clinopyroxene equilibration into a single diopside composition, and a silica-poor magnesioferric aluminous spinel. This assemblage is notably similar in mineralogy (see Table 2 ) and alike in composition to the run performed at identical conditions for 96 h (e.g., clinopyroxene ternary end-members Fs 14 Wo 42 En 44 after 48 h, Fs 14 Wo 43 En 43 after 96 h, where Fs 5 Ferrosilite, Wo 5 Wollastonite, En 5 Enstatite), confirming that after 48 h the system approached equilibrium. On the other hand, the melt composition, on a volatile-free basis, changes little with increasing run time such that the 24 and 48 h melts are nearly indistinguishable from the composition given in Table 3 (the 96 h melt) within 2r. Additionally, mass balance calculations return similar calcite consumption estimates for incrementally longer experiments ( Table 2 ). The conclusion is that calcite consumption and carbonate-melt reactivity are fairly rapid, as corroborated by previous time-series experiments [Deegan et al., 2010; Jolis et al., 2013] , even at low melt fraction, but mineral equilibration is slower.
Using calculated mineral modal abundances where possible (Table 2 ), the addition of calcite to andesite versus dacite systems shows that in general the consumption of calcite can either generate or consume melt and cpx at low pressures (0.5 GPa). Andesite-calcite experiments with the addition of quartz at low temperature generate similar mineral assemblages to basalt-calcite, at slightly lower temperatures due to a slight drop in liquidus temperature [Carter and Dasgupta, 2015] . At 0.5 GPa, the mineral phases present are clinopyroxene, plagioclase, scapolite, 6 quartz at temperatures just below the liquidus (1100-11508C), and a small proportion (4 wt.%, Table 2 ) of wollastonite (1100-12008C). The andesite-calcite reactions largely consume calcite (Cc), plagioclase (Plag) and orthopyroxene (Opx) to produce clinopyroxene (Cpx) in addition to spinel (Sp) and some CO 2 at low temperatures. At higher temperatures clinopyroxene is instead a reactant producing wollastonite (Wo), melt, and CO 2 . In low-temperature dacite-calcite reactions, wollastonite replaces clinopyroxene, plagioclase, and calcite, whereas at high-temperature wollastonite, clinopyroxene, and plagioclase replace melt and calcite. These run products are comparatively clinopyroxene-poor, replaced by a more significant wollastonite modal abundance (up to 28 wt.% of silicates). Low temperature assemblages also contain trace quartz 6 ilmenite interspersed in the rhyolitic glass.
At temperatures with lower melt fractions (F* 5 53%, 10758C), calcite consumption by andesite leads to production of clinopyroxene and an increased abundance of melt: 0:41 Opx10:75 Plag10:01 Cc ! 0:11 Sp10:06 Cpx11:00 Melt 1CO 2 ð Þ
Although coefficients were calculated on a volatile-free basis, CO 2 is a product of this reaction. For every 1.00 g of melt produced, this reaction releases 0.004 g total CO 2 (in melt 1 vapor). In contrast, at low temperature (F* 5 52%, 9008C) dacite melt reacts with calcite to produce wollastonite and .0018 g CO 2 per 1.00 g of melt:
2:67 Plag10:21 Cpx10:04 Cc ! 0:07 Il11:22 Qz10:50 Sp10:13 Wo11:00 Melt 1CO 2 ð Þ (2) Figure 2 . Total Alkali-Silica (TAS) classifications of experimental melts in wt.% based on a volatile-free normalization. Starting melt compositions (see Table 2 and Carter and Dasgupta [2015] ) are given as stars. Liquid line of descent (LLD) melt compositions are open symbols (square 5 basalt* from Carter and Dasgupta [2015] at 1.0 GPa, and triangle 5 andesite and circle 5 dacite from this study at 0.5 GPa). Closed symbols, the same shape as the LLD (blue 5 basalt, red 5 andesite, green-5 dacite), represent contaminated melts in melt-calcite runs at 0.5 GPa.
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The difference between reactions (1) and (2), and (4) and (5) clearly displays the largest difference in run products as the starting melt becomes more silicic. Assimilation is marginally more significant with andesite than it was with basalt (65 versus 48% assimilation at 0.5 GPa, 12008C, discussed below, Carter and Dasgupta [2015] , Figure 3b ), with the most dominant product being contaminated melt, in conjunction with the stability of calc-silicate minerals like wollastonite and scapolite. In contrast, dacite-calcite interaction primarily results in mineralization, consuming melt. Here, the majority of consumed calcium is bound in wollastonite, 6 clinopyroxene, 6 plagioclase, reminiscent of skarn mineralogy.
Comparison Between Experimental and Natural Skarn Mineralogy
Skarnification is a relatively lowtemperature (500-7008C peak) metasomatic process by which fluids exsolving from the intruding magma and/or percolating into the hydrothermal system from meteoric or groundwater sources can exchange elements with the carbonate wall rock, decarbonating and leaving a calc-silicate residuum [Einaudi et al., 1981; Einaudi and Burt, 1982b; Meinert, 1992 Meinert, , 2016 Meinert et al., 2005] . Skarns are typically zoned from pluton to marble (carbonate) with more igneous textures in proximity to the intrusion-the endoskarn-grading to calc-silicate mineralogy (for the most part clinopyroxene and garnet, with or without wollastonite, vesuvianite, or phlogopite among other minor phases) in the exoskarns [e.g., Meinert, 1992; Meinert et al., 2005a; Rosen et al., 2005] . This zonation is similar to the texture observed in dacite-calcite and low temperature andesite-calcite experiments (Figure 1 ), wherein wollastonite lines the calcite-silicate interaction front, while diopside is in the igneous half of the capsule, which also hosts typical felsic crystals like feldspar and quartz.
Experimental feldspars are plagioclase solid solution, similar to those from Geochemistry, Geophysics, Geosystems 10.1002/2016GC006444 most natural skarns due to the high concentration of calcium in the system ( Figure 5 ) [e.g., Pan et al., 1994; Fulignati et al., 2000; Wenzel, 2002; Piochi et al., 2006; Aleksandrov, 2011; Dyer et al., 2011; Spandler et al., 2012; Groppo et al., 2013] . More albite-rich feldspar coexists with high-silica melts as in dacite, whereas andesite-calcite reaction produced more anorthite-rich feldspars ( Figure 5 ). This is exemplified in Italian, Grecian, North American, and Canadian skarns [Grammatikopoulos et al., 2005; Piochi et al., 2006; Spandler et al., 2012] , where elevated anorthite proportion coincides with silica undersaturation. In some instances, feldspar is concentrated in garnet-poor areas [Einaudi and Burt, 1982b; Baker and Lang, 2003; Aleksandrov, 2011; Groppo et al., 2013] and in endoskarns [Kerrick, 1977] , proximal to the intrusion, as seen in experiments.
Since scapolite is a replacement in the reaction:
scapolite grains form along the interaction front where carbonate and feldspar can interact. As also discussed in Carter and Dasgupta [2015] , the increased proportion of meionite in this study's scapolites as compared to skarns, and its increased stability, may be a function of the closed-system experiments at high pressure where the fluid is water-poor and has elevated carbon dioxide activity (X CO2 ). Andesite-calcite experiments contain meionitic scapolite at proportionately high temperatures (1100-11508C at 0.5 GPa; Table 2 ) than basalt-calcite given the shift in liquidus (lower than basalt by 258C) [Carter and Dasgupta, 2015] . This may suggest scapolite can form in two ways with differing stability fields: (1) as an igneous scapolite that forms at high temperatures (11008C) and high carbonate assimilation as with basalt-calcite and andesite-calcite reactions; and (2) as a metamorphic scapolite that is stable at conditions at which ) [Carter and Dasgupta, 2015] as well as natural skarns as a function of magnesium content, all in wt.%. Natural skarn data are from: North America [Brown and Essene, 1985; Meinert, 1987; Ray and Webster, 1997; Dyer et al., 2011; Rasmussen et al., 2011] ; Asia [Wenzel, 2002; Groppo et al., 2013] ; Eastern Europe [Pertoldov a et al., 2009] ; and several volcanic centers of interest: Colli Albani Volcanic District (CAVD) [Federico and Peccerillo, 2002; Gaeta et al., 2006; Gozzi et al., 2014] ; Merapi, Indonesia [Chadwick et al., 2007 [Chadwick et al., , 2013 ; Nisyros, Greece [Spandler et al., 2012] ; Vesuvius, Italy [Fulignati et al., 2000; Pascal et al., 2009] Geochemistry, Geophysics, Geosystems 10.1002/2016GC006444 skarnification occurs [e.g., Shaw, 1960; Ellis, 1978; Aitken, 1983; Moecher and Essene, 1990; Moecher et al., 1994; Kuhn, 2005] .
Wollastonite is a run product at higher temperatures in andesitecalcite reactions and in all dacitecalcite reactions at the expense of clinopyroxene, calcite, and melt (equations (2-5), Table 2 , and Figure 4d ). Wollastonite has been identified in calc-silicate xenoliths erupted from actively assimilating volcanoes including Merapi [Deegan et al., 2010; Troll et al., 2013] and is common in exoskarns [e.g., Kerrick, 1977; Baker and Black, 1980; Meinert, 1987 Meinert, , 1992 Newberry et al., 1991; Harley and Buick, 1992; Ray and Webster, 1997; Meinert et al., 2005; Marincea et al., 2013] . Thus, as expected, it occurs as a thin layer at the calcite-silicate interface of our vertically-layered two-component capsules (Figure 1 ). Modal abundance of this mineral is higher at 0.5 GPa in equilibrium with the dacite starting melt as compared to andesite, because its stability declines with more mafic (e.g., high Mg, Fe content) intrusions [Ray and Webster, 1997] .
Clinopyroxene produced in melt-calcite interaction plots consistently near the CaMgSi 2 O 6 end-member (Figures 4d and 4e ), though at low-temperature is slightly more hedenbergitic (Table 4) (Figure 4e and references therein) [e.g., Harris, 1982; Harris and Einaudi, 1982; Gaeta et al., 2006; Piochi et al., 2006; Groppo et al., 2013; Mollo and Vona, 2014] . With the high Fe/Mg ratio in our starting dacite mix (Table 1) , the resulting clinopyroxenes are closer to a 3:4 Di-Hd ratio than those formed in andesite-calcite runs. Chemical analysis of skarn clinopyroxenes often identifies a strong Tschermak (Ca-Tschermak, CaTs, in particular, with high CaO and Al 2 O 3 contents) component as well [e.g., Morgan, 1975; Baker and Black, 1980; Bowman and Essene, 1984; Freda et al., 1997 Freda et al., , 2011 Wenzel, 2002; Federico and Peccerillo, 2002; Gaeta et al., 2009; Peccerillo et al., 2010; Di Rocco et al., 2012; Spandler et al., 2012] . This has also been noted in experiments with high calcite assimilation particularly with basalt [Carter and Dasgupta, 2015] and in this study with andesite (Table 4 , Figures 4a and 4c) .
The largest deviation between natural skarn examples and experimental mineralogy is the second of the two most dominant minerals: garnet, which is abundant in the first and absent in any of the latter [Freda et al., 2008; Iacono-Marziano et al., 2008; Conte et al., 2009; Deegan et al., 2010; Mollo et al., 2010a; Jolis et al., 2013; Carter and Dasgupta, 2015] . Andradite to grossular in composition, garnets are prevalent in endoskarns [Jamtveit et al., 1993 [Jamtveit et al., , 1995 Bailey, 1997; Pollington and Baxter, 2010; Lackey et al., 2012; Baxter and Caddick, 2013] . A key factor in garnet stability in skarns is the carbon dioxide activity in the system wherein at high X CO2 diopside replaces garnet at a particular temperature [e.g., see Meinert et al., 2005, Figure 4 ]. The presence of residual calcite indicates experiments are calcite-saturated and therefore have high CO 2 activity much like carbonate-contaminated Italian CAVD lavas which contain primary calcite and are also devoid of garnet. Yet, ejecta from Vesuvius contains both garnet and calcite [Pascal et al., 2009] and many skarns do not consume their carbonate host rock in entirety while crystallizing garnet [e.g., Kerrick, 1977; Harris and Einaudi, 1982; Newberry, 1982; Meinert et al., 2005; Dziggel et al., 2009] . It may instead be that nature is usually an open system keeping carbon dioxide activity relatively low (e.g., X CO2 0.4) [Aitken, 1983; Brown and Essene, 1985; Moecher and Essene, 1990; Pan et al., 1994; Bowman, 1998; Meinert et al., 2005] . In a laboratory . The location of these feldspars include: North America [Dyer et al., 2011; Rasmussen et al., 2011] ; Asia [Wenzel, 2002; Groppo et al., 2013] ; Eastern Europe [Pertoldov a et al., 2009] ; and several volcanic centers of interest: Colli Albani Volcanic District (CAVD) [Federico and Peccerillo, 2002; Gaeta et al., 2006; Gozzi et al., 2014] ; Merapi, Indonesia [Chadwick et al., 2007 [Chadwick et al., , 2013 ; Nisyros, Greece [Spandler et al., 2012] ; Vesuvius, Italy [Fulignati et al., 2000] ; and Popocatepetl, Mexico [Sosa-Ceballos et al., 2014] .
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environment, experiments represent a closed system, preventing any CO 2 from releasing during calcite decarbonation and keeping X CO2 heightened, as qualitatively confirmed by the presence of meionite scapolite. Another possible explanation to increase X CO2 is the higher experimental pressure over most natural skarn examples (e.g., 0.1 GPa) [Einaudi et al., 1981; Einaudi and Burt, 1982a; Harris, 1982; Aitken, 1983; Harley and Buick, 1992; Pan et al., 1994; Bowman, 1998; Wenzel, 2002; Baker and Lang, 2003; Pascal et al., 2009; Gozzi et al., 2014; Marincea et al., 2013] , which permits higher water solubility in the melt [Dixon et al., 1995; Papale, 1999; Papale et al., 2006] partitioning a higher proportion of carbon dioxide into the fluid, preferentially stabilizing pyroxene over garnet.
Assimilation to Skarnification Transition
Assimilation is the magmatic endmember to magma-carbonate interaction, whereas metasomatic skarnification is a cooler, potentially shallower and more late-stage process of intrusion into carbonate substrates. From the above discussion, it is clear that with decreasing temperature and increasing silica content of the intruding magma, the experimental results more closely resemble skarn-like mineralogy. Similarly, the associated melt composition (dacite to rhyolite; Figure 2 ) more nearly matches the granitic to monzonitic compositions found by skarns, with negligible magma composition contamination [e.g., Einaudi et al., 1981; Burt, 1982a,1982b; Meinert, 1992] . This suggests that silicic (SiO 2 > 60 wt.%) intruding melts with a respectively lower liquidus temperature (i.e., <11008C) assimilate less calcite, alternatively metasomatizing calcite to a notably skarn-like mineralogy along the magma-carbonate interface. In contrast, assimilation is the more likely process in higher temperature, more mafic systems. With high temperatures (i.e., >11008C) and mafic compositions (SiO 2 <60 wt.%) assimilation can be extreme (up to 65%; Figure 3 ), similar to high estimates in Norway and at Vesuvius (60% assimilation) [Del Moro et al., 2001; Barnes et al., 2005] , and during the 2006 Merapi eruption (80% of released CO 2 crustally-sourced) [Troll et al., 2012] .
This conclusion proposes a hypothetical evolution-dependent sequence of magma-carbonate interaction, assuming certain conditions ( Figure 6, discussed below) . A more primary, initially supraliquidus intruded magma may assimilate a significant proportion (20%) of the immediate surrounding carbonate at depth, while still hot, even more so with andesite than basalt (Figure 3b ). Assimilation with mafic and intermediate magmas is exemplified in several present-day volcanic systems, such as Mounts Etna, Vesuvius, and Merapi (see Introduction) through the evidence of crustal isotopic signatures, calc-silicate xenoliths, high CO 2 degassing rates, and ultracalcic melt inclusions that may also suggest the existence of these calciteconsumed melts in dormant or extinct subarc systems [e.g., Chadwick et al., 2007; Deegan et al., 2010; Dallai et al., 2011; Spandler et al., 2012; Troll et al., 2013; Carter and Dasgupta, 2015; Jolis et al., 2015b] . A shallower, more evolved magma can assimilate less, particularly if it has cooled and has a lower available melt mass due to crystallization. In addition, progressively shallowing magma chambers experience proportionately decreasing water solubility with pressure, forcing water-rich arc magmas to exsolve an aqueous fluid phase, even more so if the melt intakes any CO 2 or drops below its liquidus [e.g., Papale, 1999; Liu et al., 2005; Papale et al., 2006] . Thus, in stratigraphically separated sills or chambers spanning various crustal depths [e.g., Annen et al., 2005] , decarbonation may occur to a high degree due to assimilation in intermediate and mafic magmas at depth and, either later (on the order of 10 4-6 years) [e.g., Annen et al., 2005; Paterson et al., 2011] or concurrently, decarbonation may occur to a lesser degree in more evolved magma compositions nearer the surface largely via hydrothermal processes as exemplified by melt inclusion compositions and volatile contents from Mount Merapi [Nadeau et al., 2013a] .
Limits to Decarbonation
The possibility of a single system following the above trend of assimilation to skarnification through to completion during its lifespan requires first that the conditions for these reactions are met, and second that there are no limiting factors.
As noted above, for assimilation to occur, there first needs to be melt available to consume calcite. Assuming the melt composition can dissolve calcite, assimilation therefore depends on melt fraction (Figure 3b) . Inherently, this implies that lower pressures and higher temperatures are correlated with higher assimilation percentages.
The composition of melt must additionally be considered as evidenced by this study, likely as a function of calcite solubility. Contaminated by consumed calcite, melt composition changes with assimilation percent Geochemistry, Geophysics, Geosystems 10.1002/2016GC006444 to higher CaO, which dilutes the polymerizing oxides SiO 2 and Al 2 O 3 (Table 3) . In more detail, low pressure mafic melts have the highest CaO/SiO 2 ratio (Figure 3a ), which in turn is evidenced by ultracalcic (CaO/ Al 2 O 3 > 1, CaO > 13 wt.%) melts. Likely complexing with CO 22 3 in the melt, Ca 21 is most augmented in higher pressure (1.0 and 0.8 GPa) and more mafic (andesite and basalt) starting melts [Carter and Dasgupta, 2015] . This may be a function of lower starting melt polymerization permitting increased calcite solubility Stolper, 1985, 1986; Stolper and Holloway, 1988; Blank and Brooker, 1994; Thibault and Holloway, 1994; Dixon et al., 1995; Dixon, 1997; Iacono-Marziano et al., 2012; Shishkina et al., 2014] . Indeed, percent assimilation increases with NBO/T* (a ratio that quantifies polymerization by dividing the moles of NonBridging Oxygen by Tetrahedra-silicon, aluminum, ferric iron, titanium, and phosphorus-with * indicating all iron treated as tetrahedral Fe
21
, after Brooker et al. [2011] ) and similarly with p* (a ratio of the weighted sum of cations-calcium, potassium, sodium, magnesium and iron-over tetrahedra-silica and aluminna-after Shishkina et al. [2014] ), which is fairly well inversely correlated to SiO 2 1Al 2 O 3 (wt.%) content [after Moussallam et al., 2014] in both the starting melt and contaminated melts (Table 3) .
Melt polymerization and carbonate solubility is likely also affected by water content [e.g., Papale, 1999; Duncan and Dasgupta, 2014] . Although all starting melts used in this study are hydrous, there is some variation in the exact water content (Table 1) . The andesite, which contains the most H 2 O by > 1.8 wt.% over previously investigated basalt [Carter and Dasgupta, 2015] and almost double the amount in our hydrous dacite, is also incidentally the melt capable of assimilating the most calcite. Unable to deconvolve the role of water from the effects of the major element composition of silicate starting materials in Figure 6 . Schematic shows crustal limestone assimilation from lower to midcrustal pressures by subarc intrusive magmas with a graph depicting CO 2 flux* and C-O-H volatiles dissolved in the meltˆ(estimated from EMPA deficit; Table 3 ) changing as the melt evolves (increasing wt.% SiO 2 with decreasing pressure). At depth (35 km) an intruding magma is basaltic and hot (12008C, see color scale), and assimilates up to 20%a. Allowing remaining uncontaminated and uncrystallized melt to evolve and ascend, at 0.8 GPa, 11258C andesite can assimilate 61% calcite and though the melt available is smaller, causing the flux of CO 2 to remain fairly steady. At 15 km, the residual melt, a cooler (10008C) dacitic composition produces significantly less CO 2 from 13% assimilation. If the last proportion of melt cools further (9008C) and crystallizes, the residual rhyolitic melt can only assimilate 1% of calcite. However, fluids exsolved from the pluton due to decreasing solubility (see graph) can release further carbon dioxide from skarnification. This stepwise evolutionary and ascending system (from basalt at 35 km and 12008C to a smaller mass of rhyolite melt at 15 km and 9008C) with continuous and unlimited reaction with carbonate can contribute as much as 3.7 3 10 14 g/y CO 2 (see text for further discussion).
Geochemistry, Geophysics, Geosystems 10.1002/2016GC006444 this study, it is possible that lower water content in an otherwise compositionally identical intruding melt may independently lessen the extent of maximum assimilation, though further work is needed to isolate this factor.
The system as a whole can also reach CO 2 saturation if it remains closed. Decarbonation reactions (e.g., see equations (1-5)) will only proceed if more reactants than products-including CO 2 -are available. Continuous or at least sporadic release of CO 2 through magma exsolution in a volcanic vent [Ferlito et al., 2014; Fiege et al., 2014a Fiege et al., , 2014b Fiege et al., , 2015 Blythe et al., 2015] or fluid percolation through cracks or porous media which may even be a result of carbonate breakdown [Meinert et al., 2005; D'Errico et al., 2012; Antonellini et al., 2013; Heap et al., 2013; Mollo et al., 2013] will prevent X CO2 from approaching unity.
As with CO 2 , to avoid reaching calcite saturation, the melt must lose calcium for assimilation to continue. This can be achieved either by removal through crystallization of e.g., pyroxenite cumulates or through dilution by magmatic recharge. To confirm the first, further work is needed to determine the crystallization of an ultracalcic melt. The second is likely given that present-day carbonate-assimilating volcanoes indicate a significant amount of uncontaminated magma mixes with carbonate-assimilated magma (60-92% at supraliquidus conditions with various magma compositions; see discussion below).
Although magmatic or aqueous interaction with carbonate is a relatively rapid process [Jamtveit, 1991; Bergantz, 2000; Clechenko and Valley, 2003; Deegan et al., 2010; Raimondo et al., 2012; Jolis et al., 2013; Ferry, 2016] , in order to degas a maximum amount of carbon dioxide a magmatic system requires time, to remain below saturation, and the pressure-temperature-compositional conditions necessary to react with the surrounding limestone. Additionally to consider this process as a contributor of CO 2 to the atmospheric reservoir, the assumption must be made that a little is sequestered into carbonate minerals through precipitation from fluids or igneous crystallization [White et al., 1999 [White et al., , 2005 Caciagli and Manning, 2003; Gozzi et al., 2014; Galvez et al., 2015] .
CO 2 Output
Recent work has identified significant sources of CO 2 from several previously unconsidered processes and locations including passive volcanic degassing (i.e., lava lakes), diffuse degassing in e.g., hydrothermally active areas like Italy, tectonic magmatic degassing as in the East African Rift Zone, and certainly additional release due to magma-carbonate interaction [e.g., Chiodini et al., 2004; Iacono-Marziano et al., 2008; Troll et al., 2012; Burton et al., 2013; Lee et al., 2016] .
As expected, increased calcite consumption will release increasing amounts of carbon dioxide from a degassing magma (2.9 3 10 11 g/y in andesite-calcite reactions versus 8.1 3 10 10 g/y max in dacitecalcite reactions, at a single volcano with magma flux of 10 12 g/y), either from the melt as solubility decreases with pressure [Wallace et al., 1995; Papale, 1999; Wallace, 2005; Papale et al., 2006; Blythe et al., 2015; Duncan and Dasgupta, 2015] or from the release of a separate CO 2 -rich fluid phase as mentioned above. Compiling experimental assimilation estimates from this study and Carter and Dasgupta [2015] can provide a simple example of an expected ascent and cooling path for an intruded magma body as it evolves from basalt to andesite to dacite, based on the timescales mentioned above and ignoring possible limitations discussed in the previous section. As is shown in Figure 6 , if the initial injection at 35 km is supraliquidus (12008C) basalt, assimilation is 20%, thus it could produce as much as 5.6 3 10 12 g/y CO 2 given that 44 wt.% of calcite is CO 2 for a pluton magma flux somewhere between background and surge estimates (10 14 g/y; using volume flux based on exposed batholith dimensions from Paterson et al.
[2011] and thermal constraints from Menand et al. [2015] , as well as density calculations for each composition after Bottinga and Weill [1970] ). After some heat loss to assimilation and the surrounding crust, the melt evolves and crystallizes (F70%), and the assimilation drops. Assuming also that only half of the melt became calcite-contaminated in the last step, leaving 50 wt.% of the remaining melt to react with calcite, this frees 3.5 3 10 12 g/y of sequestered CO 2 . Let's assume again half of the remaining uncontaminated melt (F30% of the original basalt, based on matching silica content between calcite-free andesite melts in Table  3 and those of basalt in Carter and Dasgupta [2015] ), now a basaltic andesite and 11508C, ascends further into the crust to 0.8 GPa. Interaction with calcite here would release a similar amount (3.5 3 10 12 g/y CO 2 ). At a lower temperature and becoming andesitic in composition the remaining melt, which can assimilate the most (>60%), but has a smaller melt mass (half of F24%), ultimately releases slightly more carbon (3.9 3 10 12 g/y CO 2 ). This is followed again by less decarbonation with further cooling (11008C, F18%, Geochemistry, Geophysics, Geosystems 10.1002/2016GC006444
1.7 3 10 12 g/y CO 2 ). Either the magma can rise rapidly to the surface (or near-surface reservoirs) where it can be ejected in a volcanic eruption, or it can rise to shallower levels (i.e., 15 km) and pond in the crust. Stalling here, the melt differentiates into dacite (F15%) and falls below 11008C. At this stage, assimilation plummets in the remaining melt and thus only 3.1 3 10 11 g/y CO 2 escapes. The pluton continues to cool to 9008C at which point crystallization leaves the residual melt (F<1%) granitic in composition, which experiences almost no assimilation, but exsolves water since low pressure and high polymerization lower solubility. The fluid can percolate into the remaining surrounding carbonate where metasomatism produces a skarn aureole that can penetrate deeper into the wall rock perhaps releasing further CO 2 due to mineralogical reactions that replace calcite with calc-silicates [Einaudi and Burt, 1982b; Barton and Hanson, 1989; Ferry and Gerdes, 1998; Bergantz, 2000; D'Errico et al., 2012; Lackey et al., 2012; Yardley and Cleverley, 2013; Ganino et al., 2013; Groppo et al., 2013; Nadeau et al., 2013b; Capasso et al., 2014] .
In total, ignoring potential skarnification and any carbon originating from the basalt's mantle source, this demonstrative evolving magmatic system can release on the order of 1.9 3 10 12 to <3.7 3 10 14 g of CO 2 into the atmosphere for a typical pluton flux range (10 13 210 15 g/y)-or up to five orders of magnitude higher with magma fluxing via conduit or diaper injection [Paterson et al., 2011] -from primitive liquid intrusion at depth to complete crystallization in the midcrust, in a duration of 10 3 210 4 years [Annen et al., 2005; Paterson et al., 2011] . This estimate depends on the rate of crystallization in the last pluton-forming step, which may be expedited by the calcite-assimilated raised liquidus discussed earlier, the proportion of uncontaminated magma, and also assumes no assimilation limitations besides P-T-X conditions (e.g., continuous limestone-magma interaction, no major CO 2 sequestration in e.g., veins or scapolite). With that lifespan, the time-averaged flux is 1.9 3 10 11 g/y CO 2 . However, it is far more likely that a magmatic system will recharge than exist only as a single evolving and ascending pulse of basalt, instead experiencing assimilation simultaneously in basaltic and andesitic sills at depth and in shallow, silicic magma chambers. In this case, that total mass of CO 2 may be released over a much shorter time frame, such that the average flux in a single system may increase by an order of magnitude.
If a large number of magmatic systems (e.g., 87-130 volcanoes globally) [see Carter and Dasgupta, 2015] are undergoing assimilation within one time period, e.g., the Cretaceous [Lee et al., 2013] , then the magma composition can make a massive difference in the amount of excess CO 2 , in addition to any that the mantle-or subduction-modified, mantle-derived magma already carried, being degassed from crustal sources. A more primary composition, fully molten, can release (allowing all melt to interact with calcite, though results are still significant if 50 wt.% contaminated melt is again used) 10-20 times (3.7-5.6 3 10 15 g/y) [Carter and Dasgupta, 2015] as much total CO 2 as a recent high estimate of the current global arc volcanic flux from Burton et al. [2013] , whereas andesite magma, a more common continental arc composition [Kelemen et al., 2014] , at a lower melt fraction (e.g., 70%) expels 20-25 times (4.8-7.1 3 10 15 g/y) and dacite, (which requires at least 50% crystallization to evolve from a basalt) [e.g., Annen et al., 2005] 5 times (1.1-1.6 3 10 15 g/y). Our calculations may in fact yield as much as 20-85 times the current global arc volcanic flux with molten basalt, 30-110 time with partially crystallized andesite, and 5-25 times with partially crystallized dacite if compared against other relatively lower estimates of present-day arc CO 2 outflux from Dasgupta and Hirschmann [2010] and Kelemen and Manning [2015] . Other estimates of present-day global arc CO 2 flux that are used in literature [Sano and Williams, 1996; Dasgupta, 2013] are even lower, which can extend these values to 130 times the current global arc CO 2 flux estimate with basalt, 165 times with andesite, and 35 times with dacite. Although the relative importance of continental crust-derived CO 2 varies depending both on the present-day global outflux of CO 2 from island-arc dominated subduction zones and the number of carbonate assimilating volcanoes in the past, it is clear that the contribution from assimilation can drastically change the total volcanic CO 2 output in the Cretaceous.
At present, evidence suggests at least four volcanoes in particular are releasing crustal in addition to mantle-derived CO 2 (Vesuvius, Etna, Merapi, and Popocatepetl; see Introduction). Assuming typical arc magmas contain about 3000 ppm CO 2 [Wallace, 2005] with minor shifts for solubility (e.g., 2800 ppm for the hydrous dacitic composition as calculated using the model by Papale [1999] ), then in order to match their measured CO 2 degassing rates Burton et al., 2013; Caliro et al., 2014] , we can calculate how much additional CO 2 needs to be added from carbonate wall rock. We use estimated magma recharge rates [Siswowidjoyo et al., 1995; Iacono-Marziano et al., 2009; Roberge et al., 2009; Harris et al., 2011] and consider the particular magma composition of each system (basaltic for Etna and Vesuvius, basaltic-andesite to Geochemistry, Geophysics, Geosystems
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andesitic at Merapi, and evolved dacitelike compositions at Popocatepetl) [Gertisser and Keller, 2003; Troll et al., 2013; Correale et al., 2014; Pichavant et al., 2014; Sosa-Ceballos et al., 2014] . Given the assimilation percentages determined in this study for intermediate and silicic melt compositions (Figure 3b) , estimates call for a significant though varying proportion of the magma chamber to be contaminated by assimilated calcite. A partially molten magma chamber (F30%) would require more assimilation to meet CO 2 demands, whereas only a portion of a superliquidus chamber would need to interact with calcite. In this range, Popocatepetl would need nearly all to 15% contaminated melt, Merapi 99-8%, and for the Italian volcanoes, Vesuvius requires 38-17%, whereas Etna calls for as much as 92-40% contaminated melt ( Figure 7 ). These represent maximum estimates due to the probability that carbonate assimilation is not a continuous or homogeneous process, as discussed above, and unlike near-equilibrium experiments, may be a limited reaction. Additionally, these calculations assume no change in recharge rate, which can increase during eruptions.
Concluding Remarks
Presently active mafic volcanoes, such as at Mounts Etna and Vesuvius, provide evidence that crustal decarbonation by assimilation may be a source of excess CO 2 degassing in addition to the typical mantle-sourced carbon to the atmosphere. Extinct magmatic systems now identified by exposed plutons, such as in the Sierra Nevadas, indicate prior decarbonation by skarnification. Previous experimental investigations constrain CO 2 release by assimilation [e.g., Iacono-Marziano et al., 2007 Deegan et al., 2010; Troll et al., 2012; Carter and Dasgupta, 2015] , and some calculations indicate skarnification may also release significant amounts of the gas from the crust [Lee et al., 2013; Lee and Lackey, 2015] . There may be limiting factors such as skarn barrier , thermal barrier [Watkinson and Wyllie, 1969; Kerrick, 1977] , and calcite saturation point [Carter and Dasgupta, 2015] . The first two require ''death'' of the magma chamber in terms of a lack of convection and/or heat loss. The latter, wherein the melt becomes silica-undersaturated and ultracalcic [This Study; Watkinson and Wyllie, 1964; Carter and Dasgupta, 2015] suggests magma chamber volume and recharge has some control. This will ultimately dictate extent of decarbonation. Therefore, the melt fraction (F)-and thus the pressure (P), temperature (T), and composition (X)-of the system must be high enough for active calcite consumption. Dropping temperature alone in an e.g., andesite-calcite system (lowering F* from >80 to 32%) subsequently stifles assimilation (65 to <2%). Similarly, allowing a supraliquidus melt of high silica-content to interact with a pure calcite also diminishes assimilation (>60% with andesite to <20% dacite) thereby indicating a compositional control on calcite saturation level in the melt. In conjunction with less calcite consumption, we find that the skarn mineral wollastonite becomes more abundant in magmas less primitive than basalt. ) proportion (in percent, as labeled) of a magma chamber that must be calcitecontaminated melt for four presently active carbonate-assimilating active volcanoes based on their measured CO 2 output [Burton et al., 2013] . Calculations use similar compositions to those suggested in the literature (basaltic for Etna and Vesuvius, basaltic-andesite to andesitic at Merapi, and evolved dacite-like compositions at Popocatepetl; Gertisser and Keller, 2003; Troll et al., 2013; Correale et al., 2014; Pichavant et al., 2014; Sosa-Ceballos et al., 2014] , and assume the chamber is at 15 km depth and the melt is above its specific (calcite-free) liquidus (1200, 1175, 11008C for basalt, andesite, and dacite, respectively), and that uncontaminated melt (white) contains typical arc CO 2 contents around 3000 ppm [Papale, 1999; Wallace, 2005] .
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We determine two orders of magnitude greater CO 2 release given a standard and constant magma flux and unlimited limestone interaction with hydrous andesitic over hydrous dacitic compositions. Hotter, intermediate melts can release 2.9 3 10 11 g of CO 2 /y at a single typical arc volcano, whereas cooler, though still supraliquidus, dacites on the other hand will expel an excess of only 8.1 3 10 10 g of CO 2 /y at a typical arc volcano magma recharge rate. In support, diffuse CO 2 has been found to produce only 50% the amount of CO 2 degassed at the edifice of Vesuvius Burton et al., 2013] . Total CO 2 released at different volcanoes depends on the relative proportions of the magma in the system undergoing carbonate assimilation, which is melt composition-controlled (e.g., 17% at [trachy]basaltic Vesuvius versus 15% at dacitic Popocatepetl, back-calculated based on gas emission).
An ascending and evolving magma may over a potential lifetime of 1 Myr recycle a substantial amount (0.4 Gt) of CO 2 -or more, if recharge permits simultaneous and repeated assimilation at several depths within a system in limestone crust, or plumbing geometry changes-from carbonate wall rock into the atmosphere. Extrapolating to global scales in geologic history, a larger proportion of CO 2 was likely released by assimilation to the atmosphere during initial intrusion of a mafic magma into a carbonate substrate than as the magma chamber differentiated towards granite.
Though further investigation is needed to quantify any additional CO 2 released by metasomatic decarbonation by the pluton's aureole and limitations to these processes, crustal carbonate assimilation and skarnification by intruding and evolving magmatic bodies may together be a significant contribution to atmospheric CO 2 and perhaps be a control in long-term climate change. critical reviews and insightful suggestions toward the clarity of the manuscript. Supporting data are included as supporting information Table S1 in an SI file; any additional data may be obtained from L.B.C. (email: lbc2@rice.edu). This research was funded by U.S. NSF grant OCE 1338842 and a Sloan Foundation (Deep Carbon Observatory) officer grant.
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